The number of large slope failures in some high-mountain regions such as the European Alps has increased during the past two to three decades. There is concern that recent climate change is driving this increase in slope failures, thus possibly further exacerbating the hazard in the future. Although the effects of a gradual temperature rise on glaciers and permafrost have been extensively studied, the impacts of short-term, unusually warm temperature increases on slope stability in high mountains remain largely unexplored.
Introduction
There is increasing concern that rising air temperatures could affect slope stability in high-mountain areas owing to decay of glaciers and degradation of permafrost (Haeberli et al. 1997; Huggel et al. 2008a,b) . Large rock or ice avalanches can be destructive and far reaching, especially when they impact lakes and trigger large outburst floods (Clague & Evans 2000; Huggel et al. 2004; Kääb et al. 2005; Haeberli & Hohmann 2008) .
While there is a long tradition of research on alpine ice avalanches (Heim 1932; Alean 1985; Röthlisberger 1987) , research on rock-slope instability related to permafrost degradation is a more recent development (Wegmann et al. 1998; Harris et al. 2009 ). Indications of possible effects of climate change on slope stability has come from an increasing number of large-size rock falls and rock avalanches from permafrost areas in the Alps over the past two decades (Barla et al. 2000; Fischer et al. 2006; Fischer & Huggel 2008; Sosio et al. 2008) . Many of these events have not yet been studied in detail, and the causes and trigger processes are not adequately understood. However, understanding of the effects of longterm climate change on frozen rock slopes has been improved by numerical modelling of the distribution of subsurface temperatures in complex threedimensional topography in a warming climate (Noetzli et al. 2007; Fischer et al. submitted a,b) . Furthermore, recent studies have shown that polythermal glaciers overlying frozen bedrock can induce thermal anomalies in the ground as deep as several tens of metres (Haeberli et al. 1997; Wegmann et al. 1998; Huggel et al. 2008a,b) .
An aspect of high-mountain slope instability that has been little studied is the effect of extreme, short-lived temperature events as a potential trigger of rock and ice avalanches. The extreme heat wave in Europe in the summer of 2003 appears to have triggered numerous small rock falls (10 2 -10 3 m 3 ), probably owing to rapid thawing and thickening of the active layer (Gruber et al. 2004a) . And a very large rock-ice avalanche (approx. 5 × 10 7 m 3 ) on Mount (Mt) Steller in Alaska in September 2005 occurred during unusually warm weather, with temperatures far above the freezing point (Huggel 2009 ). However, a detailed analysis of weather conditions during these events has not yet been completed. In addition, analysis of a larger sample of events is important for a better understanding of the impacts of current and future warm weather on slope stability, especially given that current projections indicate an increase in the number of extreme climatic events with high temperatures (Tebaldi et al. 2006; Meehl et al. 2007) .
In this paper, we examine meteorological conditions leading up to several large rock and ice avalanches in south-central Alaska, the European Alps and the Southern Alps of New Zealand. We focus on the air-temperature history days and weeks before failure. Long-term ground surface and firn or ice temperatures, geology and topography are also considered, but are not the primary focus of the paper. Based on results from case studies, we define appropriate climatic indicators and use the recently completed ENSEMBLES regional climate model (RCM) runs for the central Alps to determine whether critically warm weather, which has the potential to trigger large slope failures, will occur more often in the future. For the analysis of meteorological and climatic conditions of case studies, we generally use reference time periods that vary according to the available climate records. For future projections, we consider the period 2001-2050, using the reference period of 1951-2000. Conclusive statements on the impacts of extreme weather events on slope stability in high mountains cannot be made at this time because research on this topic is not far advanced and because slope stability in high mountains is controlled not only by thermal conditions but also, and particularly, by geology, topography and hydrology, all of which are highly interconnected (Fischer & Huggel 2008) . Also, other climate parameters, such as radiation, are important in complex, high-mountain topography (Salzmann et al. 2007a,b) , and may play a role in triggering slope failure.
Case studies (a) Aoraki/Mount Cook, New Zealand
Shortly after midnight on 14 December 1991, 12 × 10 6 m 3 of rock and ice detached from the east face of New Zealand's highest peak, Aoraki/Mt Cook (3754 m above sea level (a.s.l.)) (figure 1). The large rock-ice avalanche narrowly missed an occupied alpine hut, completely scoured and entrained a steep icefall, and came to rest after running approximately 70 m up an opposing valley wall. The avalanche travelled 7.5 km, and in the process bulked up to a total volume estimated at 60-80 × 10 6 m 3 with entrained snow and ice (figure 2; McSaveney 2002). It lowered the summit of Aoraki/Mt Cook and continues to significantly affect the flow of Tasman Glacier (Quincey & Glasser 2009 ). Large slope failures are common in New Zealand's Southern Alps, where Carboniferous-Cretaceous greywacke is being rapidly uplifted along an active tectonic plate margin (McSaveney 2002; Cox & Allen 2009 ). Rapid twentieth-century glacial recession is likely implicated in some large landslides in this region (McSaveney 2002) ; it has removed lateral support provided to adjacent steep slopes and exposed previously thermally insulated surfaces to mechanical and thermal erosion. Recently, researchers have begun to consider the importance of temperature regimes and permafrost warming in triggering smaller slope failures (10 4 -10 5 m 3 ) during the warm dry summer of ).
The Aoraki/Mt Cook rock-ice avalanche initiated with the failure of a large, east-to southeast-facing rock mass that supported the approximately 15 m thick summit ice cap. Foliation in closely jointed greywacke and argillite dip steeply in the summit area, and the approximately 60 m deep failure scar exposed a heavily fractured and dilated rock mass of poor quality (McSaveney 2002) . The detachment zone dipped 50
• -60
• and included a small hanging glacier that was partially removed during the failure.
The nearest available climate data come from Mt Cook Village approximately 16 km south of, and approximately 3000 m below, the Aoraki/Mt Cook summit. High orographic precipitation in this region (greater than 10 m water equivalent precipitation per year) favours the use of a humid free-air lapse rate (0.0055
• C m −1 ) to extrapolate air-temperature data to the detachment zone of the landslide. Based on data for the years 1960-1990, mean annual air temperature (MAAT) at the base of the detachment zone (2900 m) is estimated to be −3.1
• C, decreasing to −7.8
• C towards the mountain summit (3754 m). This estimate is generally supported by the recent rockwall temperature measurements and solar-radiation-based modelling of mean annual ground surface temperature (MAGST) ), modified here to incorporate the same lapse rate of 0.0055
MAGST within the Mt Cook detachment zone ranges from 0 to −6.3
• C at 3754 m, with variations depending on elevation and aspect ). Extrapolated MAGST and MAAT values suggest that most of the detachment zone supported cold permafrost; only the lowermost part of the detachment zone was likely in a warm or marginal state. Following a particularly cold winter, the summit of Aoraki/Mt Cook experienced repeated periods of daily maximum temperatures far above 0
• C in November and early December of 1991. Subsequent cooling brought temperatures to below seasonal averages (figure 3). During the week immediately before the rock-ice avalanche, temperatures warmed again, culminating in exceptional, estimated daily maximum temperatures of 14.4 and 9.7
• C at, respectively, the base and top of the detachment zone on 11 December. Although early during the summer, these extreme temperatures were within the warmest 92nd percentile of maximum daily summer temperatures as recorded for the Mt Cook Village meteorological station for the period 1961-1990 (figure 4). Prolonged melting occurred throughout the summit area including the detachment zone, followed by rapid cooling to subfreezing temperatures 24 h prior to the failure.
Given the presence of a small glacier and an extensive cover of seasonal snow within the detachment zone, the unusually warm temperatures would have melted firn and produced abundant melt water. McSaveney (2002) suggested that refreezing of this melt water on a clear cold night may have been sufficient to trigger the failure. Freezing could have blocked the movement of melt water in the bedrock, causing rapid pore-pressure variations.
Because the lower part of the detachment zone was probably characterized by warm or discontinuous permafrost, melt water may have penetrated discontinuities in bedrock that were previously filled with ice. The rock-ice avalanche occurred after several years of the above average annual temperatures (figure 5), during which ice-filled discontinuities may have thawed. Some researchers have highlighted the recent widespread landsliding in several mountain ranges in Alaska, some related to earthquakes (Jibson et al. 2006) , others related to volcanic activity Huggel et al. 2007 ) and still others with no obvious external trigger (Arsenault & Meigs 2005;  Huggel et al. 2008a,b) . Our focus here is a series of recent, large rock and ice avalanches in the Bagley Ice Field region of southeast Alaska that have intriguing relations to air-and ground-temperature conditions.
(i) Mount Steller 2005
The largest of a number of rock and ice avalanches in the Bagley Ice Field occurred at Mt Steller on 14 September 2005. Mt Steller (3236 m a.s.l.) is part of the Waxell Ridge, which separates the Bagley Ice Field from Bering Glacier (figure 6). The avalanche initiated from the south face of Mt Steller, close to the summit. Observations made during an overflight a day after the failure suggest that the initial failure was in bedrock, between 2500 and 3100 m a.s.l. The south flank of Mt Steller is formed of tertiary sedimentary rocks that dip subparallel to the slope. Significant parts of the ice mass on the summit ridge also broke off or were entrained by the rock-slope failure. The initial volume of failed rock has been estimated to be 10-20 × 10 6 m 3 ; an additional 3-4.5 × 10 6 m 3 of glacier ice also failed (Huggel et al. 2008a,b) . The avalanche travelled 9 km horizontally and 2430 m vertically. It entrained up to a few tens of millions of cubic metres of glacier ice, snow and debris along its path, resulting in a total volume of 40-60 × 10 6 m 3 . Evidence of water flowing on exposed bedrock in the detachment zone immediately after the failure raised the question to what extent the slope failure was triggered by melting of glacier ice or thawing of permafrost. Analysis of daily temperatures derived from radiosonde measurements at Yakutat, Alaska indicate that temperatures in the summit region of Mt Steller were above freezing for about 10 days before the avalanche (Huggel 2009 ). An assessment of MAGSTs indicates that permafrost on the south face of Mt Steller should be cold. However, modelling studies show that the summit ice cap is probably polythermal, in which case, it induced a thermal anomaly to the ground, warming the underlying bedrock by several
• C (Huggel et al. 2008a) . Although the trigger of the avalanche is not known with certainty, the thermal state of the hanging glacier and bedrock, in combination with the extremely warm air temperatures, could have generated melt water that infiltrated fractures in the summit rock mass, destabilizing it. Melt water flowing at the base of the summit glacier probably reduced the shear strength of the rock mass and promoted its failure. It is difficult to assess from post-event imagery the depth of the detachment surface. The upper part of the scarp has a near-vertical failure plane in the sedimentary rock. The exposed rock of the scarp is highly jointed and several large joint systems run across the scarp. Given the evidence for instabilities in bedrock prior to the main failure, it is likely that the landslide had its origin in a rock-slope instability, rather than in glacier ice. Nevertheless, thermal instability in rock at the base of the ice may have played an important role (Haeberli et al. 1997; Huggel 2009 ).
We estimate the volume of ice that failed and became entrained in the avalanche to be 400 000-700 000 m 3 , based on a scarp length of 400 m and width of 200 m and an estimated ice thickness of 5-10 m (figure 8). The amount of bedrock that failed is difficult to assess, but a rough estimate can be derived from the avalanche deposit volume, which is about 1 × 10 6 m 3 . Deposits showed predominantly shattered rock with single large blocks of several metres in diameter.
A second landslide occurred at about 1950 m a.s.l., about 80 m below the crest of a rock ridge on the northeast-facing flank of Mt Steller and less than 2 km from the first landslide. It overrode the distal part of deposits of the first avalanche. The rock slope failed in two stages: a larger failure occurred before 9 July and involved the upper part of the failure zone; a smaller one involved detachment of a rock mass from the lower part of the failure zone and occurred between 20 and 24 July. The maximum runout of the landslide is 2.2 km, and its deposit area is about 0.45 km 2 . The estimated volume is 1-1.5 × 10 6 m 3 , based on field observations of deposit thickness of 1-3 and 3-5 m, respectively, in the lower and middle parts of the deposit. Only small amounts of glacier ice were involved in this landslide.
Mean annual rock surface temperatures at the 2008 failure sites on the north flank of Mt Steller can be estimated using the thermal approach of Huggel et al. (2008a) . MAAT derived from troposphere temperature data provided by the Yakutat radiosonde, 220 km southeast of the landslides, was used, together with a vertical gradient of 0.0065
• C m −1 (Huggel et al. 2008a) , to calculate MAGST. MAAT derived from the radiosonde data was increased by 1
• C for northern aspects and by 3
• C for southern aspects Gruber et al. 2004b; Huggel et al. 2008a ). The analysis yields MAGST of −2.5
• C at 2000 m a.s.l. on the north-facing slope at the location of the first landslide (figure 10). Exposed bedrock surface temperatures at the location of the first slide may have been in the range of −1.5 to −3.5
• C. However, the failure zone was largely covered by glacier ice, which was likely polythermal given the prevailing air temperatures. Thus, at least some parts of the failure area were close to the freezing point. Modelling studies have shown that the thermal effect of polythermal glaciers on the underlying bedrock can be complex (Haeberli et al. 1997; Wegmann et al. 1998; Huggel et al. 2008a,b) , but water was probably present at the base of the glacier, and possibly within fractures in the underlying rock. Close-up photographs of the failure zone, a few days after the avalanche show extensive water flowing on the scarp that, in part, probably was produced by melting of ice and snow, but may to a lesser extent have its origin in rock fractures. Liquid water has similarly been observed on exposed detachment surfaces of landslides at high elevations in the Alps Huggel 2009; Fischer et al. submitted a) . The inferred thermal conditions at the site of the second landslide are different. The upper end of the failure zone is some 300 m lower than that at the first site, and the site has a northeast aspect. Based on the analysis outlined above, MAGST of the failure zone of this landslide may be between −1 and −2
• C, with warm permafrost close to thawing. Here, bedrock is largely exposed rather than covered by glacier ice, although the thermal effect of the snow cover must also be taken into account. As in the case of the first landslide, water was visible on the exposed scar and may have flown from rock fractures.
To assess the thermal effects of weather conditions days and weeks before the Mt Steller avalanches, we extrapolated 700 hPa level temperatures (approx. 3000 m a.s.l.) of the Yakutat radiosonde to a 2000 m a.s.l. level, which is the height of the failure zones of the two landslides. The record shows an approximate 10 day period of very warm temperature (up to 8
• C) at the end of May (figure 9), temperature fluctuations around the freezing point in June, pronounced warming at the beginning of July with a maximum temperature greater than 8
• C on 4 July, and a sudden drop in temperature, culminating in temperatures below 0
• C 5 days later. Only 2 days later, on 11 July, temperatures were again up to approximately 8 • C ( figure 9 ). If our analysis of the date of the landslide is correct (i.e. one to a few days before 9 July), failure occurred either during the very warm period with temperatures far above freezing, or during the sudden temperature drop at the end of the first week of July. The pattern is similar to that at Aoraki/Mt Cook leading up to the 1991 landslide. The Fahrböschung (ratio of horizontal runout to vertical drop; H /L) is 0.2, which is low but within the range of similarly sized ice and rock avalanches (Legros 2002; Huggel et al. 2007 ). The landslide was recorded at about 20.25 UTC (11.25 local time) on 6 August 2008, at a seismic station 10 km to the east of the slide. The site was visited a few days after the landslide, and photos of the failure and deposit were taken from the ground and air. The deposit had a mean thickness of 3-5 m, which yields a total volume of 16-28 × 10 6 m 3 . Inspection of the scarp confirmed that large amounts of glacier ice and bedrock were involved in the landslide, with initial failure probably being in bedrock. The steepest section of the scarp flank revealed 50-80 m of glacier ice overlying the exposed bedrock. The scarp extends several tens of metres into the bedrock that consists of relatively intact basalt.
MAGST was estimated in the same way as for the Mt Steller landslides using the Yakutat radiosonde data, 180 km to the southeast of the landslide site. The failure zone is north-northwest-facing and therefore the MAGST of −2.5
• C at 2000 m a.s.l. determined for north-facing slope at Mt Steller should be applicable to Mt Miller. The range of MAGST of the failure zone (ca 2200-1800 m a.s.l.) is −3.7 to −1.3
• C, suggesting that relatively warm permafrost conditions existed in the lower part of the zone. However, the exact elevation range of the failure zone is difficult to determine because significant snow and ice was entrained along the path. Even more difficult is the identification of the precise area where the failure initiated. Notwithstanding these difficulties, it is likely that areas at the transition of frozen to non-frozen bedrock were involved in the failure.
No liquid water was observed on the exposed bedrock of the Mt Miller landslide scarp at the time of the field visit, during which air temperatures were around the freezing point at the elevation of the scarp. Photographs taken 4 days after the landslide suggested that the upper end of the failure zone was frozen to the glacier bed.
We based our analysis of meteorological conditions days and weeks prior to the Mt Miller failure on an extrapolation of the 700 hPa level temperatures from the Yakutat radiosonde to an elevation of 2000 m, which we consider to represent thermal conditions in the middle to the upper part of the failure zone. Temperature increased from −2.5
• C on 27 July to over 11 • C on 2 August 2008 (figure 9). This very warm period was maintained until the day of the failure on 6 August, but then dropped to freezing. The air-temperature data thus indicate that the entire slope where the landslide occurred was in a melting state for several days before failure.
The long-term effect of the glacier on the underlying bedrock must also be considered. Based on the long-term radiosonde record, MAAT at the elevation of the failed glacier is about −5
• C, and accordingly firn temperatures should be temperate. These are conditions where seasonal melting is possible and latent-heat effects from refreezing of melt water can significantly warm the ice (Suter et al. 2001) . Thermal modelling studies have shown that the thermal anomaly produced by freezing of water at the base of a glacier can penetrate tens of metres into underlying bedrock (Wegmann et al. 1998; Huggel et al. 2008a ).
(c) Monte Rosa, Alps
The east face of Monte Rosa extends from about 2200 m to over 4600 m a.s.l., and was the site of two spectacular avalanches in 2005 and 2007 (Fischer et al. 2006) . The slope increases upward, reaching greater than 55
• in the exposed gneissic bedrock sections and greater than 40
• in the sections with glaciers (figure 12). Studies based on sequential historical photographs have shown that the ice cover on the east face of the mountain changed a little during the twentieth century until about 1980, when it began to rapidly decrease (Haeberli et al. 2002; Fischer et al. submitted b) . Slope instability involving both ice and rock increased around 1990 and has continued to the present (Fischer et al. 2006 The 2005 event was a large ice avalanche (1.1 × 10 6 m 3 ) that initiated from a steep glacier terminating at 3500 m a.s.l. and reached the foot of the face, where a large supraglacial lake had formed in 2002, but had drained in 2003 (figure 12). Had the lake still existed, the avalanche would have generated a displacement wave with catastrophic consequences for the downstream community of Macugnaga. The avalanche occurred at night, which probably prevented injuries to tourists who often spend daylight hours on the pasture that was affected.
The 2007 event was a rock avalanche that detached from the exposed bedrock at approximately 4000 m a.s.l. near the top of the east face of Monte Rosa (figure 12). It involved about 0.3 × 10 6 m 3 of rock that fell to the base of the slope, again impacting the area of the former supraglacial lake.
Two meteorological stations at elevations greater than 3000 m are near Monte Rosa-a station at Testa Grigia, Italy (3488 m a.s.l.), 15 km to the west; and the Swiss station at Gornergrat (3130 m a.s.l.), 9 km to the northwest. The Testa Grigia station has a temperature record for 1951-2000, but measurements unfortunately were not continued after 2000, while the station at Gonergrat came into operation only in 1994 and has been working properly since then. Based on these data, temperature extrapolations yield a MAAT of −5 to −6
• C at the lower end of the ice avalanche failure zone, suggesting a cold glacier front, but probably polythermal to temperate conditions at some distance behind the front. Previous studies show that the lower limit of permafrost is at about 3000 m a.s.l. on north-to northeast-facing slopes, and up to 500 m higher on east-facing sections (Zgraggen 2005; Fischer et al. 2006; Huggel 2009 ).
Estimates of MAGST for the 2007 rock-slope failure, based on data from the aforementioned meteorological stations and rock temperature loggers deployed on the east face (Zgraggen 2005) suggest temperatures of about −6
• C. These conditions compare with those on Mt Steller south, but unlike Mt Steller, the Monte Rosa site was not thermally perturbed by the overlying glacier ice. A more likely destabilization factor is the enormous loss of ice at the base of the failure zone over the past 20 years with a volume of more than 20 × 10 6 m 3 , which probably caused significant changes to the stress and temperature fields (Fischer et al. submitted b) . In addition, the dip of the foliation in the gneissic bedrock is parallel to the surface slope, adversely affecting slope stability.
Weather temperatures again increased to 5
• C on the day of failure. Much melt water was produced during the warm periods and possibly penetrated to the base of the steep glacier, lowering the strength at its contact with the underlying bedrock. The repeated cycles of melt and refreezing may have also destabilized the bedrock.
Temperatures in April 2007 were extraordinarily warm in central Europe, producing a spring heat wave. April temperatures at Jungfraujoch at 3580 m a.s.l. were 5
• C warmer than the mean of the previous 49 years. The temperature of −3.5
• C, 1 day before the landslide, is in the 98th-99th percentile of the long-term April record (for Jungfraujoch available since 1958; figure 14) . The Jungfraujoch climate record is highly correlated to the record at the Gornergrat station, which is the nearest station above 3000 m a.s.l. to the failure site, and which reveals interesting thermal patterns during the weeks before the failure. Exactly 1 month prior to the landslide, temperatures dropped to an estimated −24
• C at the failure site, which is about 10
• C lower than the long-term average (figure 13). After this unusually cold period, temperature rose steadily to approximately −5
• C near the date of the failure. However, radiation on the east face of Monte Rosa in April is high and cloud cover was generally low in April 2007. We thus infer that snow and ice melted at the surface in spite of the subfreezing air temperature. In addition, it is possible that thermal energy during particularly warm summer months in 2003 and 2006, when the 0
• C isotherm was above 4000 m a.s.l., penetrated into bedrock some metres deep at the level of the rock-slope failure.
Future trends based on regional climate model (RCM) simulations
Several studies indicate that warm extremes increased during the twentieth century (Alexander et al. 2006) , and are likely to further increase during the twenty-first century (Beniston et al. 2007 ). The Intergovernmental Panel on Climate Change defines an 'extreme weather event' as a rare event lying outside the 90th, 95th or 99th (or 10th, 5th and 1st, respectively) percentile of a statistical reference distribution (Trenberth et al. 2007) . Extreme events can also be defined in terms of their intensity or severity of damage (Beniston et al. 2007 ).
In terms of temperature, analyses of trends often use indices such as the number of daily maximum or minimum temperature, or monthly to seasonal maximum temperatures (Schär et al. 2004; Aguilar et al. 2005) .
Here, we consider whether unusually warm periods of a few days to a couple of weeks might increase in the future. We explore this issue using the results from the most recent RCM simulations. RCMs are currently among the most comprehensive tools to project climate on regional scales. The recently completed European Union programme ENSEMBLES (van der Linden & Mitchell 2009) ran a large number of RCMs over Europe to provide the climate-impacts community with an ensemble of state-of-the-art regional climate simulations. To evaluate and express uncertainty, the ENSEMBLES simulations include a large number of RCMs, driven by different general circulation models (GCMs) with identical boundary settings. The RCMs were run with 25 or 50 km horizontal resolution for the period 1951-2050 (some until 2100). The Special Report on Emission Scenarios (SRES) Scenario A1B (Nakicenovic & Swart 2000) was applied for all model runs. Scenario A1B represents future conditions of rapid economic growth and introduction of more efficient technologies, with a balance between fossil and non-fossil energy production.
For the present study, we analysed results for air temperature 2 m above the ground from eight ENSEMBLES RCM simulations. We chose a mix of different RCMs, driven with different GCMs, to provide a representative selection. The first part of each acronym represents the RCM, while the second part refers to the driving GCM.
Mean daily temperature results were analysed for anomalously warm temperature events both in the past and the future. The analysis is based on one grid box that represents the longitudes and latitudes of the Jungfrau region. The Jungfrau region was chosen based on the availability of long-term highelevation observational time series (since 1958) from the Swiss Federal Institute of Meteorology and Climatology (MeteoSwiss), which enables performance analysis and de-biasing of the RCM simulations. Typically, measured air temperatures at high-altitude climate stations are highly correlated. The temperature records at the Jungfraujoch and Gornergrat stations have a correlation coefficient of 0.98 for the common period of record. Therefore, we assume that the Jungfraujoch data are representative also for conditions at or near Gornergrat (including Monte Rosa).
A horizontal resolution of 25 km, which is now the standard for many RCM simulations, is too coarse to represent the topography of a high-mountain region realistically. The selected grid box is referenced to an elevation of In addition to the elevation adjustment, we applied a bias correction to each RCM time series (Salzmann et al. 2007a,b) . The bias relates to the difference between the mean annual air temperature observed at Jungfraujoch for the available time period 1960-2000 and the respective temperature of the RCM time series (table 1) . The bias correction involves only one temperature value per RCM; different values for different seasons or months were not used.
The following analyses are based on the RCM time series with elevation adjustment and bias correction as described above. We studied eight RCM time series to identify periods with air temperature continuously exceeding a threshold of +5
• C for periods of 5, 10 and 30 days, thus representing significant melting conditions. These thresholds are based on the case studies described above, where warm air-temperature anomalies of many days duration were observed prior to each failure. We analysed the change in frequency of these events for the period 2001-2050 when compared with the reference period 1951-2000. The results are shown in table 1.
Results from the eight models show a clear increase in the frequency of warm air-temperature events in the next several decades compared with the second half of the twentieth century (table 1) . For a matrix comprising eight models and three event types, only one model (DMI-HIRHAM5_ARPEGE) produces a slight decrease (approx. 10%) of the 5 day events. The differences among the model outputs are large, but most models show increases in frequency of extreme events of about 1.5-4 times. Large increases in the frequency of warm extremes, by a factor of 8-10, are projected by three models. In two of these three cases, the increase is for 30 day events. On the other hand, five models show no 30 day extreme warm events, either for the past or the future.
Discussion and conclusions
Our analysis of temperature records days and weeks before several large high-mountain rock and ice avalanches is a start in documenting this littleinvestigated aspect of slope instability. A clear predictive thermal trigger is scarcely discernable for all events. However, examination of the ensemble of temperature conditions prior to failure for our case studies suggests that some thermal patterns are repeated at locations as different and distant from one another as Alaska, New Zealand and the European Alps: (i) unusually warm temperatures over several days during the weeks or days before failure and (ii) sudden drops of temperatures, typically below freezing, after warm periods and hours to days before failure.
All the studied events had warm temperatures, far above freezing prior to failure, except the 2007 Monte Rosa landslide. In most of the cases, temperatures above freezing during summer months are not exceptional, although the observed temperatures were far above normal. At Mt Cook, for example, the peak temperature 3 days before failure was 8.5
• C above the long-term average. Temperatures in the days before the April 2007 Monte Rosa rock slide were up to 4-5
• C above 1 s.d. of the long-term record. Such unusually warm periods enhance melt of surface snow and ice. The water generated by melting can infiltrate rock slopes via fractures and joints, increasing hydrostatic pressures and thus reducing shear strength (Huggel et al. 2008a) . A sudden lowering of temperature may favour slope failure by refreezing the surface following infiltration of melt water into bedrock during the preceding warm period. Such 'lock-off' situations are difficult to quantify owing to a lack of on-site measurements with piezometers and other instruments (Watson et al. 2004; Willenberg et al. 2008) , but have been invoked in similar conditions (Fischer et al. submitted a,b) . In this context, we should also consider the importance of rainfall or melt of fresh snow as potential sources of infiltrating water and slope destabilization. Accurate measurements of precipitation at sites of high-mountain slope failures are rare and difficult to acquire because of the large spatial variation in precipitation in areas of high relief. The Gornergrat meteorological station is less than 10 km from Monte Rosa, but we did not use its precipitation data for this study because precipitation is highly variable in this region (Machguth et al. 2006) . There is more certainty at Mt Cook, where total precipitation of 48 and 11 mm, respectively, was measured windward and leeward of Mt Cook in the week prior to failure; this amount is not significant in a region with common, much larger daily precipitation.
Another climate variable that was not examined in this study, but may have an important effect on surface warming and melting, is radiation. Short-wave radiation constitutes a major portion of the energy available for melt during Figure 15 . A hypothetical sketch of two slope histories, shown over a relevant period of time prior to slope failure. The dashed line indicates the critical shear strength threshold below which the slope is unstable and failure would occur. Both slope histories are characterized by processes that produce a gradual decrease in shear strength over long periods of time (e.g. warming at the close of the Pleistocene) and abrupt reductions in shear strength (e.g. 1a, d, e; 2a, c, d) due, for example, to seismic activity. Slope 2 has a lower initial shear strength due, for example, to rock type or structure. Processes that can cause abrupt reductions in shear strength, including warm extremes or high-intensity rainfall, only act as slope failure triggers if the shear strength is sufficiently low. summer and may be close to 200 Wm −2 in alpine conditions (Oerlemans 2001) . In several of the cases presented here, short-wave radiation may have played a role in melting snow and ice. For instance, air temperatures reached only −5
• C before the failure at the site of the 2007 Monte Rosa landslide, but clear-sky conditions resulted in high short-wave radiation that may have melted surface snow, with possible infiltration of water into the highly fractured bedrock. Radiation may also have played a role in the 2008 Steller and Miller landslides.
Our analysis concentrated on temperature aspects of large high-mountain slope failures, but this is only one component of a highly complex physical system that, in response to gradual and sudden changes in external and internal controls, produces a slope failure. Several geological factors, including structure and rock type, glaciation, permafrost, topography and seismicity, are important determinants of slope stability in this environment. It is fundamental in this context to consider the time scales involved in causative and trigger factors. Figure 15 shows two hypothetical histories of slopes prior to failure. Slope 1 has a higher initial shear strength corresponding, for example, to more stable geological or topographic conditions. Geology and topography are typical predisposing factors. The histories of both slopes are characterized by processes that gradually reduce their shear strength over periods of decades to millennia. Short-term events, operating over days to weeks, such as warm extremes, high-intensity rainfall or earthquakes, can rapidly reduce the strength of the slope. However, these events may not necessarily trigger failure, depending on their impact and the shear strength of the slope when they occur. Slope failure only occurs if the potential triggering event reduces the shear strength below a critical threshold. These events will trigger a landslide only if slope stability is already low and near the threshold of failure.
The concept of effective time scales is particularly important when considering bedrock permafrost and slope stability. Thermal perturbations resulting from twentieth century warming, for instance, has now penetrated to depths of a few decametres in high-rock slopes (Haeberli et al. 1997; Noetzli et al. 2007) , whereas short warm extremes may have an effect at a few metres depth only one or several years later. Open fractures, however, can facilitate infiltration of water into rock slopes and thus contribute to a much more immediate effect on slope stability.
Based on an analysis of the ENSEMBLE RCM simulations, we have found that short periods with very high temperatures may increase 1.5-4 times in the next several decades compared with the 1951-2000 reference period. Shortduration warm periods may produce a critical input of water into slopes. The projected increase in extended warm periods of up to 1 month is also of concern because such events can lead to substantial thermal perturbation of subsurface hydrology.
The large range in the RCM results suggests that it is difficult to provide accurate regional climate projections, even when using the same SRES scenario and the most advanced RCMs. Nevertheless, the projected increase in the frequency of short-term temperature extremes is consistent with earlier findings on heat waves on the global (Meehl et al. 2007) and European scales at the end of the twenty-first century based on the earlier generation of Prediction of Regional Scenarios and Uncertainties for Defining European Climate Change Risks and Effects (PRUDENCE) RCMs (Beniston et al. 2007) . Although not investigated here, several studies have documented an increase in warm extremes, including summer heat waves, during the twentieth century on global and regional scales (Alexander et al. 2006; Hegerl et al. 2007 ). However, the limited availability of high-quality and homogenized climate station data is an important constraint on a more detailed analyses of extreme events (Hegerl et al. 2007) .
We have performed the analysis of future warm extremes for the Alps, motivated by the recent completion of the ENSEMBLES project that made RCM data available for a range of models and thus allows for a better consideration of uncertainties involved. Results found for Europe cannot directly be transformed to our other study regions in Alaska and New Zealand. However, global assessments show similar tendencies (Meehl et al. 2007 ), and we therefore assume that our conclusions are broadly valid for these regions as well. Furthermore, similar RCM programmes like ENSEMBLES are currently ongoing in other parts of the world (North American Regional Climate Change Assessment Program, NARCCAP (Mearns et al. 2009 ); Regional Climate Change Scenarios for South America, CREAS (Marengo & Ambrizzi 2006) ). In addition, with the World Climate Research Programme's Coordinated Regional Climate Downscaling Experiment (CORDEX) initiative, RCM simulations will be available for all continents and allow regional-scale scenario analysis worldwide.
Several aspects of the role of warm extremes in high-mountain slope stability remain unresolved, but this study hopefully will stimulate further discussion and research. As argued in figure 15 , not every warm extreme will trigger a large slope failure. However, we think that large slope failures will increase in temperature-sensitive, high-mountain areas as the number of warm extreme events increases.
The landslides described in the case studies did not cause any major damage to people or infrastructure, partly owing to fortunate circumstances, partly owing to the remote location of the landslides. In densely populated and developed mountain regions such as the European Alps, however, serious consequences have to be considered from large slope failures. Cascading processes (e.g. landslides impacting natural or artificial lakes producing outburst floods) are of particular concern. With the Monte Rosa case study, it has been indicated that similar landslides as in 2005/2007 would probably have resulted in a major disaster had they occurred during the existence of a large glacier lake in 2002/2003. 
